ABSTRACT Traditional design of 4 × 4 Butler matrix (BM) uses couplers, phase shifters (PSs), and crossovers. Due to some troublesome issues related to PS and the crossovers involved in the design of BM, which degrades its performance, this paper presents a planar 4 × 4 BM without PS and crossovers. It is accomplished with the help of a modified coupler. The modified coupler is realized to have a 45
I. INTRODUCTION
Due to the increase in number of subscribers and the need for high data rate in wireless communication systems, the demands for increase in channel capacity, mitigation of multi-path fading, and co-channel interference are paramount for mobile and satellite communication systems [1] . As the number of users increase, the co-channel interference also increases and led to inferior Quality of Service (QoS) [2] . This has triggered a lot of research in the area of beamforming network with the aim of tackling this problem and improve the quality of communication link even in uncomplimentary conditions.
The application of switched beam forming network (SBFN) has been widely studied by researchers [3] - [6] and the technology was extensively being utilized in application related to wireless communications. There are several type SBFN, such as Blass matrix [7] , Rotman lens [8] , Nolen matrix [9] and Butler matrix (BM) [10] . The famous among the techniques is the BM due to its relatively simple configuration and low power dissipation [11] . Moreover, by taking advantage of its beam orthogonality, which gives it the capability of transmitting and receiving multiple beams concurrently, its beam scanning coverage and the channel capacity significantly improved [12] .
The block diagram of conventional BM shown in Fig. 1 comprises of four couplers, two phase shifters and two crossovers. Phase Shifters (PS) and crossovers being part of the building block of the BM. The PS impairs the performance of the BM by introducing imbalance insertion losses [13] and un-acceptable phase ripples due to edge-coupling of the VOLUME 6, 2018 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ lines [14] . Even though this problem can be minimized by modifying the ground plane of the coupled line structure as proposed by [15] , the performance is still critically affected by errors due to fabrication. However, from the crossover point of view, the conventional design suffers from narrow bandwidth and large electrical size due to the quarter wavelength requirements of the transmission-line sections [16] . Also, involving a cross-over points in a PCB layout requires additional photo mask step, which brings additional cost and complexity of the system. Furthermore, this will increase the risk of signal loss and unavoidable reflections due to parasitic capacitance and resistances present at the cross-over point that might seriously affect the system's performance. Underpasses, air bridges or bonding wires are sometimes used as an alternative to achieve crossing. However, these types of crossovers are nonplanar; thus, they increase the complexity of the design and results in excessive cost of fabrications [17] .
Because of these inherent problems of PS and crossovers, [18] and [19] proposed BM without crossovers. But the multi-layer technique requires the use of vias which increase the fabrication difficulties. Reference [20] presented a BM without PS. But, unlike in the classical design of couplers, the patch hybrid coupler used cannot be characterized using simple closed-form transmission line theory due to the complicated nature of the field distribution on the cross-slot patches [21] . Similarly, some variables like the length, width, stubs, location of the concaves and the ground plane pattern has to be determined using complex and time-consuming optimization methods [22] .
Most of the compact design of BM using microstrip transmission line concentrate on either miniaturizing size of the BM by already known methods like transforming the quarter wavelength into π or T, elimination of crossover points by means of multi-layered or elimination of only phase shifters as proposed in [20] . To the best of our knowledge, none of the research proposes a single-layered design of BM using microstrip technique by means of eliminating both the PS and crossovers. This paper proposes to design a novel single layered 4 × 4 planar BM using 3dB couplers only. The design utilizes modified hybrid couplers having 
45
• phase-difference as a replacement of the two quadrature couplers in building the BM as shown in Fig. 2(a) . Also, the topology used ensured total elimination of the phase shifters and therefore avoid any cross-over points in designing the proposed BM. From the input side of the BM, P1, P2, P3, and P4 are the input ports where a signal can be injected into the device. whereas, A1, A2, A3, and A4 represent the output antennas where either could be the radiating element depending on the input port selected.
The paper is organized in the following manner. Introduction was given in section I. Section II deals with detailed design concept using transmission line theory. In section III, the design procedures of the conventional and the modified couplers are presented, while the BM was designed and Implemented in Section IV. Finally, the concluding remarks are given in Section V.
II. DESIGN THEORY
The proposed BM shown in Fig. 2 [23] with little modification that involved variable power and to accommodate the design of couplers having output phase difference up to 180 • like rate race couplers. The design equations of the couplers are derived, and the resulting closed-form equations are used to design the both the conventional and the modified couplers. The schematic diagram of the proposed coupler is illustrated in Fig. 3 .
Where Z 1 , Z 2 and Z 3 are the impedance of the main line and the branch of the coupler. The electrical lengths θ 1 , θ 2 and θ 3 represent the electrical length of the main line and the branches. The impedances Z 2 and Z 3 are assumed to be equal for simplicity. Port 1 is choosing as the input, port 2 and 3 are taken as the output ports, whereas port 4 remains the isolated port. Due to symmetrical nature of the coupler, it was divided into two horizontal segments for the analysis. Even-odd mode analysis was used to obtain the coupler parameters. Fig. 3(b) shows the even and odd mode equivalent circuit of the proposed coupler. The design criteria were aimed at achieving a variable phase difference, ψ(f) and variable power division P(f). The power division ratio and the phase difference between the output ports are defined as: From Fig. 3(b) , the transmission characteristics of the even or odd mode is obtained using (ABCD) matrix, the overall transmission and reflection characteristics of the network is computed from the product of the matrices representing the individual sub-circuits of the even and odd circuits representation of the coupler.
For the even-mode excitation, the ABCD parameters are as following:
where the superscript 'e' represents the even mode excitation. Multiplying and simplifying equation (4) gives the elements of the ABCD parameter as follows:
For the odd mode, the elements can be obtained in similar way to that of even mode with the parameters,
1 where the superscript 'o' stands for the odd mode excitation. Similarly, due to symmetry of the coupler, the elements A and D are equal for the even and the odd modes. However, the matrix elements B and C for the even mode are equal but with opposite sign to those of odd mode [24] .
The ABCD parameter obtained from the even-odd mode analysis are then converted to scattering parameter (S-parameter) with the help of an expression for reflection and transmission coefficients defined as [24] :
where and T are the reflection and transmission coefficient of the system when signal is injected from the input port to the output. From the expressions of reflection coefficient and transmission coefficient T, the scattering parameter can be obtained from [24] . Using (1)- (14) and applying perfect isolation and matching conditions on the S-parameter, the following simplified equations emerged:
where, ψ is the phase difference at the center frequency and P 2 is the power division ratio of the coupler.
III. COUPLER DESIGN
Two types of couplers are used to accomplish the design of the proposed BM. These couplers are the conventional Quadrature coupler with output phase difference of 90 • and a modified coupler whose output phase difference is 45 • .
A. QUADRATURE COUPLER
Quadrature coupler is a four-port symmetrical network such that when any port of the coupler is fed with power, it is capable of dividing the power equally between the two opposite ports with 90 • phase shift between these outputs while the adjacent port to the input is being completely isolated [25] .
Using the designed equations (15) and (16), the impedances of the 3dB quadrature coupler were computed by setting the outputs phase difference ψ = 90
• and the reference impedance Z 0 = 50 , the impedances of the couplers' vertical and horizontal arms are: Z 1 = Z 0 = 50 and Z 2 = Z 3 = 35.36 . With Z 1 = Z 0 , equation (18) can be simplified as: From (20), for a given the output phase difference of quadrature coupler as 90
• , the electrical lengths of the coupler are θ 2 = θ 3 = 90
• . Table 1 shows the impedances and the optimized parameters of the coupler. The parameters of each sections are indicated on the layout of Fig. 4(a) .
Having obtained good return loss, transmission coefficients and the output phase difference, the coupler was fabricated, measured and the photograph of the device under test is shown in Fig. 5(a) .
The simulated and the measured results of the coupler are shown in Fig. 5 . From this graph, the 10 dB fractional bandwidth was found to be from 4.93 GHz to 7.24 GHz which stands for about 38.50%. Furthermore, the bandwidth corresponds to the coupling of −3 dB ± 1 dB range from 5.29 GHz to 6.95 GHz, which translates to about 27.67%. Also, the measured output phases difference was found to be 90.14
• . Considering a phase mismatch of less than ±5 • , the operational bandwidth was 32.17%.
B. MODIFIED COUPLER
The design of a 3dB modified coupler with outputs phase difference of 45
• was accomplished by applying (15)- (20) to determine the various Impedances of the coupler arms. By setting the outputs phase difference ψ as 45
• and the reference impedance Z 0 as 50 , with equal power division ratio, p = 1, the impedances of the coupler arms are obtained, and the optimized parameters are shown in Table 2 . Similarly, the optimized parameters of each section of the modified coupler are indicated on the layout shown in Fig. 6 . Fig. 7 shows the photograph of the fabricated coupler and the S-parameter showing the reflection coefficient, transmission coefficients and the output phase difference.
From these plots, the measured S_11 and S_41 coincide at −23.88 dB whereas, S21, and S31 are −3.13 dB and −3.34 dB and the output phase difference is 45.23
• at 6 GHz. The bandwidth achieved for this phase difference with imbalance less than ±5
• was found to be from 5.19 GHz to 7.01 GHz, which corresponds to 30.2%. 
IV. BUTLETR MATRIX DESIGN
The proposed BM was designed completely from the conventional and the proposed couplers designed in the previous section, without using any additional component. A commercially available, Computer Simulation Technology (CST) was used throughout the simulation and the prototype was manufactured using laser machine with Rogers' substrate RO3003, whose dielectric constant is 3.0, loss tangent of 0.027 and a thickness of 0.25mm.
The circuit layout and the photograph of the fabricated BM are shown in Fig. 8 . When any input Port of a BM is fed with signal, it splits equally among the four output ports with coefficients of transmission within the around −6 dB and a return loss better than −10 dB across the bandwidth.
Vector Network Analyzer (N5222A) from Keysight Technologies, capable of measuring a device working from 10 MHz up to 29.5 GHz was used to obtain the measured S-parameter results of the fabricated BM. Fig. 9 shows the Photograph of the Device Under Test (DUT) using the VNA after calibrated with calibration kit 85052D. During the measurements, all the unused ports were terminated with 50 ohms load.
The simulated and measured S-parameter results showing the return losses and transmission coefficients at various ports are shown in Fig. 10 . Due to the symmetrical nature of the device, when a signal is injected into port 1 (similar to port 4) of the BM, the return loss obtained from the simulation and the measurement were −27.41 dB and −24.75 dB respectively. Also, the measured transmission characteristics are S 51 = −7.94 dB, S 61 = −8.32dB, S 71 = −7.59 dB, and S 81 = −7.05 dB at the operating frequency. Similarly, when port 2 (similar to port 3) is exited, the measured S 22 = −24.24 dB and the transmission coefficients are S 52 = −7.45 dB, S 62 = −7.22 dB, S 72 = −8.01 dB, and S 82 = −8.56 dB at the center frequency. In both cases, the transmission coefficients are close to the theoretical value of −6 dB with slight discrepancy of about ±3 dB.
To ensure that the BM satisfy the required progressive phase differences in accordance to the theoretical values, the progressive phase difference was plotted as shown in Fig. 11 . From this Figure, the differential output phases obtained by exciting Port 1, port 2, port 3 and port 4 at the center frequency are +45
• , −135
• , +135
• and −45
• respectively. When antenna array is connected to the output ports and excite any of the input while terminating the remaining ports with the line characteristic impedance (usually 50 ), four different progressive-phase distribution responses are produced each pointing in the directions of ±14.5
• and ±48
• . These responses have equal amplitude and progressive phase differences designated by β. Being symmetrical device, the value of β resulting by exiting any of the input ports is either ±45
• or ±135
• . The radiation characteristic of the 77294 VOLUME 6, 2018 array antenna is obtained in theory from the normalized array factor (AF) given by [26] : where N is the number of antenna elements, d is the distance between adjacent elements of the antenna array, θ 0 is the VOLUME 6, 2018 beam angle and λ is the propagation wavelength at the free space. The beam angle θ 0 can be obtained from:
where β, is the progressive phase difference of the excitation current within the antenna elements fed by the beam steering network. The distance between the antenna elements is usually taken to be λ/2. Taking d slightly above or below λ/2 increases the side loops in the radiation pattern. The theoretical beam scanned angle, θ 0 and the corresponding phase difference are computed and summarized in Table 3 . Even with the good performances exhibited by the proposed BM presented in the previous section, the absolute goal is to feed an antenna array with the BM. Due to the topology of the proposed BM. Traditionally, coaxial cables are sometimes used to convey the energy from the outputs of BM to the inputs of antenna array. In this paper, the antenna array is excited without the use of any cable because of two famous reasons. Firstly, when the lengths of these cables are not the same, there may be a phase mismatch at the output of the BM. Secondly, the cables itself will introduce some losses, which will degrade the performance of the beamforming network.
Slots are modeled and used to couple the energy from the top layer of the BM to the bottom layer where the antenna array are placed. This technique has advantage of having a compact solution of BM beamforming network by utilizing the ground plane of the BM to place the antenna array. The photograph of the fabricated BM integrated with linear antenna array is shown in Fig. 12 .
When port 1 of the BM is excited, the power travels and divides equally at the output port of the modified coupler referred to as 45
• coupler at point 'A' and 'D' with each point at −3 dB. The signal from point 'A' divides into two at the output of hybrid coupler referred to as 90
• coupler at point 'B' and 'H' with each point at −3dB. The signal at point 'C' is therefore at −6 dB point. This signal is used to excite antenna 'A1' in Fig. 12 (b) . The signal at point 'D' also goes to point 'E' and 'F' and excite antenna 'A2'. This energy is coupled by the principle of electromagnetism to the antenna feed lines to through a slot created at the common ground between the top substrate and the bottom substrate as depicted in Fig. 12 .
Similarly, when port 2 of the BM is excited with signal, it divides at points 'A' and 'B'. The signal at point 'A' goes to point 'B' then 'C' and excites antenna 'A1'. While the signal at 'B' goes to point 'F' via 'E' and excite antenna 'A2'. The same sequence continued when port 3 and port 4 are separately excited.
The measurements and simulations results of the polar radiation patterns and the cartesian plots are shown in Fig. 13 . When power is injected into port 1, the main beam radiates towards +15.3
• and when the power is excited to port 2, the main beam angle switches to −47.6
• . Similarly, due to symmetry of the BM, when power is excited at port 3 and port 4, similar but beam pattern with opposite sign as those obtained to those in case of port 2 and port 1 respectively. The measured S-parameter results obtained from the proposed BM are compared with other designs as shown in Table 4 . It can be seen that; the performance of the proposed design has a return loss better than −25.6 dB at the center frequency. Comparing with other designs, only [18] have comparative return loss to that of the proposed BM. However, in terms of the average phase error, the proposed BM has better performance as compared with [11] and [19] . Bandwidth of the proposed design has better performance than all those in comparison. It can further be observed that, unlike in the other designs in comparison, the proposed design uses a relatively simple microstrip technique for the implementation of the BM.
V. CONCLUSION
This paper presents the design of BM using only couplers. The design was accomplished with the help of a modified hybrid coupler which is capable of outputting 45
• phase difference. This coupler replaces the function of a hybrid coupler and the 45
• phase shifter in the design of this BM. It exhibits an excellent performance with wideband up to 30.2% and phase imbalance of 45 
